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ABSTRACT 
 
The gel diffusion precipitin test (GDPT) and restriction endonuclease analysis (REA) have 
commonly been used in serotyping and further identifying isolates of Pasteurella multocida.   
GDPT has shown problems with repeatability and cross reactions.  The hindrance with REA has 
been the subjectivity of the test.  Whole genome sequencing (WGS) has become a new option 
in diagnostic testing due to reduced cost and quicker turnaround time.  WGS has shown with 
other organisms to be a useful diagnostic tool and this study examined its use on P. multocida. 
This study compared WGS to REA and GDPT on 166 isolates of P. multocida to 
determine if WGS produced similar results and could be used in place of REA and/or GDPT.  The 
isolates used represented the sixteen reference serotypes (1-16), isolates with REA profiles 
matching the fowl cholera vaccine strain, and ten different animal species.  Isolates originated 
from across the United States and from Chile.  This study found that identical REA profiles 
clustered together in the phylogenetic tree.  It was also discovered that REA profiles that 
differed by only a few bands also appeared closely related on the tree.  The GDPT results were 
more diverse but it was common to see a single serotype show up repeatedly within clusters.  
Several errors were also found when examining the REA profiles, such as two assigned numbers 
for one profile or profiles misidentified.  WGS was able to confirm these errors and compensate 
for the subjectivity in analysis of REA.  It also provided epidemiological information that is not 
available with GDPT.  From the data produced in this study it appears that WGS could be used 
in place or in conjunction with REA and GDPT.
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CHAPTER 1. REVIEW OF LITERATURE 
Organism Characteristics and Disease 
Pasteurella multocida is the type species within the genus Pasteurella and the family 
Pasteurellaceae.  The bacteria are nonmotile, Gram-negative, coccobacillary to short rods, 
often with bipolar staining.    Glucose, galactose, mannose, and mannitol are fermented 
without production of gas.  Nitrate is reduced to nitrite.  Pasteurella multocida does not utilize 
lactose and does not grow on MacConkey’s or urea agar.  It is oxidase and catalase positive and 
has a characteristic odor due to the production of indole.  Pasteurella multocida grows 
aerobically and anaerobically.  Optimal growth temperature is 37°C, however avian strains may 
grow at 42°C.  Pasteurella multocida may produce a capsule that has been shown to be an 
important virulence factor.  Colonies can vary in appearance based on the presence of a 
capsule.  Some colonies will appear flat and grey, while others can be shiny, mucoid, and whiter 
in color [27, 32].   
The disease fowl cholera, caused by P. multocida in poultry, was described as early as 
1782 by Chabert [32].   Pasteurella multocida was first isolated by Henry Toussaint in 1879 [32].  
In the 1880’s Louis Pasteur isolated P. multocida, grew it in pure cultures, and used it in 
experiments involving immunity and vaccine production [32].   In 1883, Burril originally 
classified P. multocida as Micrococcus gallicidus.  The nomenclature changed several more 
times until in 1900 Lignieres classified the organism as Pasteurella broken down into different 
species based on the disease it caused in the animal, such as P. aviseptica, P. boviseptica, and P. 
suiseptica [53].  Topley and Wilson renamed these again in 1929 to P. septica [53].  And finally 
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in 1939, Rosenbusch and Merchant called it P. multocida [53].  Based on DNA-DNA 
hybridization P. multocida has been divided into 3 subspecies: P. multocida subsp. multocida, P. 
multocida subsp. septica, and P. multocida subsp. gallicida [52].  However, more recent studies 
using ribotyping suggest that these subspecies do not accurate classify P. multocida based on 
genetic relatedness [26, 51]. 
A wide variety of diseases are attributed to P. multocida and can be found in an 
assortment of mammals and birds.  Pasteurella multocida is found as a commensal in many 
animals.  Although, in some animals P. multocida is the causative agent of a primary infection, 
however in other cases it’s a secondary infection often in combination with another infectious 
agent [1, 27].  Studies have shown that specific serotypes affect different animals differently 
[21]. 
Fowl cholera affects many avian species with turkeys being the most susceptible [32, 55, 
57].  The mortality rate in turkeys is high with death occurring within a few days after infection 
[32].  Fowl cholera is also a problem in chickens, but the disease is usually not as severe as it is 
in turkeys.  It also tends to be worse in chickens older than 16 weeks of age, whereas with 
turkeys all ages are susceptible [55].  Acute signs of disease include fever, anorexia, mucous 
discharge, and respiratory distress.  Chronic signs often include lesions and swollen joints and 
sinuses.  Subcutaneous administration of killed vaccines can provide some immunity but does 
not provide complete protection [32].  Administering virulent strains of the Clemson University 
(CU) strain through drinking water does seem to provide a good level of immunity [58].  Other 
avirulent vaccines available are M-9 and PM-ONEVAX-C (MERCK Animal Health) [47, 48, 74]. 
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Bacterins are available but only protect against the serotypes included in the vaccine while live 
vaccines have shown to provide better protection [3, 58].     
In swine, P. multocida and Bordetella bronchiseptica are the causative agents of 
progressive atrophic rhinitis (PAR).  Pasteurella multocida is found in the mucosal membrane of 
the nose in healthy and sick pigs.  It appears that environmental factors play a role on whether 
P. multocida will cause PAR.  Clinical signs of PAR include sneezing and nasal discharge in 
piglets, nasal bleeding, eye tearing, distortion of the bone development in the nose, and growth 
retardation [27].  There are vaccines available that contain B. bronchiseptica bacterin mixed 
with either a P. multocida bacterin or a P. multocida toxoid [2, 27].  Research has been 
successful in using a recombinant protein from P. multocida inserted into Escherichia coli as a 
possible vaccine [2]. The benefit from these vaccines is limited so the best practice for avoiding 
PAR is to keep the herds free from the infectious strains of P. multocida [27].  P. multocida can 
also contribute to pneumonic pasteurellosis in swine [16]. 
Pasteurella multocida contributes to bovine respiratory disease (BRD) and is the 
causative agent of hemorrhagic septicemia in cattle.  Cases of BRD are usually caused by 
Mannheimia haemolytica with P. multocida as a secondary concern since M. haemolytica is 
more severe.  Clinical signs include fever, respiratory distress, drooped ears, coughing, and 
nasal discharge [24, 34].  The vaccines available for BRD are targeted to M. haemolytica [34] but 
bacterin products for P. multocida are available.  Environmental stresses increase the incidence 
of the disease [24].   
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Pasteurella multocida is the only agent involved in hemorrhagic septicemia.  It is 
endemic in water buffalo and cattle in Africa, India, and Southeast Asia.  Very few cases are 
reported in the United States and it mostly affects bison.  In non-endemic regions mortality 
from hemorrhagic septicemia can reach 98%.  Clinical signs include sudden death, rapid 
respiratory and heart rates, nasal discharge, anorexia, and depression [12].  Killed bacterins 
made from local strains are used to control the disease spread and infected animals can 
effectively be treated with sulphonamides [4, 12].  Commercial bacterins have been used in 
immunization as well.  They require repeated doses and can have more adverse side effects but 
the immunity is prolonged [4]. 
Snuffles in rabbits can be caused by several different bacteria but P. multocida is the 
most common.  It causes an upper respiratory infection that includes rhinitis, conjunctivitis, 
otitis media, and pneumonia.  In severe cases it can lead to septicemia [41].  Treatment can 
control the clinical signs but doesn’t eliminate the disease because P. multocida becomes 
systemic in rabbits.  Thus culling is the best option to prevent the spread of disease [30, 41].  
  
Diagnostics 
Classification tools 
Capsule typing was originally developed in 1955 by Carter using a passive 
hemagglutination (PHA) test [20].  There are 5 recognized capsular types, A, B, D, E, and F [21, 
60].  Capsule types A and D are found in poultry, swine, and a variety of other animals [27, 32].  
Progressive atrophic rhinitis in swine is most often by capsule type D [27].  Capsule types B and 
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E are the causative agents of hemorrhagic septicemia in cattle, and capsule type A can cause 
pneumonic pasteurellosis in cattle [1].  There are three alternative tests used for capsular 
typing of hemorrhagic septicemia.  Rapid slide agglutination reacts to a drop of serum within 30 
seconds.  Agar gel immunodiffusion (AGID) and counter immunoelectrophoresis tests can also 
be used to detect capsular types B and E. 
The gel diffusion precipitin test (GDPT) as described by Heddleston is used to serotype P. 
multocida into 16 serotypes (1-16) [19, 33].  The GDPT revealed that there are 16 distinct 
somatic serotypes however there is not a definitive correlation between serotypes and capsular 
types [30, 64, 75].  Isolates are described using the capsule type followed by the serotype type 
(i.e. A:3 would be capsule type A serotype 3).  Hemorrhagic septicemia is usually B:2 or B:2,5 
but has been found as B:3,4, A:1, and  A;3 [4, 6, 38].  Serotype type 3 is the most common in 
atrophic rhinitis of swine [2].  There is a high degree of variation in fowl cholera serotypes but 
the most common are A:1, A:3, A:4, or a combination of those serotypes [3].  GDPT has been 
found to be beneficial in avian studies in further differentiating isolates since most avian 
isolates are capsule type A [57]. 
 
Identification tools 
Multiple polymerase chain reaction (PCR) tests have been investigated for identification 
of P. multocida in a variety of animal species.  There are several species-specific PCR’s.  There 
are two P. multocida-specific PCRs used for detection of hemorrhagic septicemia developed by 
Miflin and Blackall, and Townsend et al [4, 49, 70].  There is also a multiplex capsular PCR test, 
HS-causing type-B-specific PCR, and type A specific PCR for hemorrhagic septicemia [4, 69, 70].  
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Research has been done on a PCR test for PAR that targets the toxA gene but it is not widely 
used [2, 29].   A PCR test has been developed and issued in place of the PHA test to assign 
capsule types to isolates [2, 69].    Miflin and Blackall have shown success using a 23 rRNA PCR 
test to replace the biochemical tests for P. multocida.  This test takes approximately 5 hours to 
complete compared to the 2 days it takes for biochemical results [49].  There is no widely used 
PCR test used to diagnose fowl cholera although multiple studies have been done in this area 
[3, 29]. 
Several enzyme-linked immunosorbent assay (ELISA) tests have been developed. One 
commercial ELISA (DAKO PMT ELISA kit) looked for toxigenic P. multocida by detecting the  
P. multocida toxin (DAKO PMT ELISA ref. K009, Dako), however this test is no longer 
commercially available [27, 29].  The benefit of the ELISA test for the detection of PAR is the 
detection of toxin in mixed samples; however antibodies often aren’t produced in response to 
the toxin [2]. Two commercial ELISA kits were developed by IDEXX for use in poultry, one for 
chickens and one for turkeys, to detect antibodies in the serum [35].  However, these ELISA kits 
have only been used to test vaccinated poultry for seroconversion.  The kits have varied success 
[3].  Studies have been done on ELISA for identification of hemorrhagic septicemia and snuffles 
that suggest ELISA testing could be beneficial in cattle and rabbits as well [29]. 
Since PAR is mostly caused by capsular type D and occasionally type A, there are a 
couple other testing options that target those capsule types.  The acriflavine test shows heavy 
flocculent precipitate in capsule type D strains.  Capsule type A strains are inhibited by the 
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presence of hyaluronidase, so inhibition of growth on the hyaluronidase test can indicate P. 
multocida capsule type A [2]. 
Epidemiological tools 
Diagnostic tools that have the ability to provide more data related to epidemiology have 
aided disease control in many ways.  Epidemiological data gained through genotypic tools has 
helped develop better disease management because it provided transmission dynamics and 
distinguished between strains in outbreaks [15, 18, 30].  Genotypic tools have also helped 
identify an outbreak source [65].  The ability to identify an isolate further than the serotype has 
also shown correlations between virulence and genotypes and has allowed for better disease 
control strategies due to a better understanding of genetic variability [18, 39]. 
Restriction endonuclease analysis (REA) is commonly used for epidemiological studies 
and genotypic differentiation of P. multocida [2-4].  It has successfully distinguished between 
isolates from a variety of hosts using several different restriction endonucleases.  Snipes et al. 
(1989) first used SmaI-SalI, EcoRI, and PstI as an epidemiological tool in fowl cholera outbreaks.  
EcoRI and PstI were harder to interpret due to more cut sites, but as a result are more sensitive 
to change than SmaI-SalI.  The REA was able to provide epidemiological data in the fowl cholera 
outbreaks that serotyping could not.  Snipes et al. recommend that REA should be used along 
with serotyping [68]. 
Wilson et al. conducted several studies considering other restriction endonucleases for 
use in REA.  The profiles produced from the endonucleases used in Snipes et al. study were too 
difficult to read.  In one of Wilson et al. (1993) studies looking at avian samples, HhaI was the 
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endonuclease chosen; the profiles were easier to read than the profiles generated by the other 
endonucleases.  In this study, the REA differentiated between a vaccine strain, which has a 
somatic type 3, 4 (labeled TD 045 in this study) and other somatic type 3, 4.  However, Wilson 
et al. reported that reading profiles could be difficult [74].  In a different study looking at 
hemorrhagic septicemia isolates, Wilson et al. (1992) used HhaI and HpaII restriction 
endonucleases.  The HpaII differentiated between some isolates that HhaI did not [75].  Both of 
these studies suggests creating a coding system in order to track results and group them with 
identical isolates.  They both suggest standardizing the test by just using one endonuclease on 
all samples in all laboratories.  The HhaI was the endonuclease of choice because its well-
resolved profiles and ability to distinguish between all 16 somatic types found in GDPT 
serotyping [74, 75] even though it had lower discriminatory power than HpaII. 
However, not all studies agree that HhaI is the best restriction endonuclease to use.  
Christensen et al. (1998) preferred the profiles created by HpaII over HhaI.  Like the other 
studies mentioned, Christensen et al. agreed that REA had the highest discriminatory power 
over other tests.  Their results differed from Wilson et al. (1992) and Wilson et al. (1993) in 
regards to which endonuclease was easier to read.  Christensen et al. found HpaII easier to read 
than HhaI due to the larger fragments [23]. 
  The use of ribotyping as an epidemiological tool has been analyzed in many studies with 
varied results.  Using HpaII enzyme on avian isolates, Blackall et al. (1998) concluded that 
ribotyping had a high discriminatory power of 0.899 [14].  However, using the same enzyme, 
Saxena et al. (2005) found using a variety of hosts that ribotyping was unable to distinguish 
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between isolates when other molecular methods were able to differentiate isolates [62].  
Blackall et al. (2000) using a probe based off the 16S rRNA gene sequence of NCTC10322 in 
swine and Christensen et al. (1998) using HpaII and HhaI enzymes in poultry found that REA has 
a higher discriminatory power than ribotyping [16, 23].  Zhao et al. concluded the same in a 
study of swine using HpaII enzyme [77].  However, Snipes et al. (1989 & 1990) reported 
ribotyping is easier to read due to fewer bands.  He also reported that ribotyping looks at the 
rRNA genes which are highly conserved so there will be less change in bands due to mutation 
compared to REA [66, 68].  Ribotyping is more expensive than REA [74]. 
Blackall et al. (1999) investigated the use of multilocus enzyme electrophoresis (MLEE) 
compared to REA and ribotyping as an epidemiological tool.  Using isolates from previous 
studies, this study found some discrepancies when MLEE was compared to REA and ribotyping 
results which they were not able to explain [15].  However, Blackall et al. did point out that 
MLEE is a phenotypic tool, while REA and ribotyping are genotypic tools and the enzymes MLEE 
examines are highly diverse.  Some of the resources required for performing MLEE are not 
available in most diagnostic laboratories, so it will not likely be used in routine diagnostic 
laboratories [17]. 
Both Blehert et al. (2008) and Amonsin et al. (2002) have studied the use of amplified 
fragment length polymorphism (AFLP) for use in epidemiological studies of P. multocida in avian 
hosts [11, 18].  The benefits of AFLP include: reproducibility, high discriminatory power, and the 
ability to use computer analysis [11, 17, 18].  Sequencing equipment is required to perform 
AFLP, so it is not a feasible option for all diagnostic laboratories [17].   
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Amonsin et al. (2002) compared repetitive sequence-based PCR (rep-PCR) and AFLP 
against somatic serotyping.  Forty seven samples were processed from a range of hosts and 
somatic types.  This study concluded that rep-PCR was successful at identifying genotypically 
related strains, but AFLP had a higher discriminatory power.  Using the primers FAM-EcoRI-A 
and MseI-O for AFLP, they were able to further distinguish isolates that rep-PCR could not.  
However, both rep-PCR and AFLP did not correlate well to somatic serotypes and suggest that 
somatic serotypes aren’t an accurate gauge of genetic relatedness [11]. 
Blehert et al. (2008) focused on serotype 1 with the goal of determining if AFLP could 
distinguish the different isolates.  They used 53 laboratory-challenged mallards and 120 wild 
bird samples from a fowl cholera outbreak.  The samples were digested with EcoRI and HpyCH4 
restriction enzymes. The AFLP was able to distinguish between the samples from the sick birds 
versus the healthy birds and detected genetic changes in serial dilutions at the population level.  
This study concluded that AFLP was able to distinguish between serotype 1 isolates and 
suggests it could better explain differences found in REA patterns due to temporal variations.  
The study does note that at this time, AFLP is not able to assign isolates to a predetermined 
group like REA [18].   
In 2001, May et al. published a study in which they collected 271 avian P. multocida 
samples.  Using MLEE, they found great diversity among the samples, but 31% of the samples 
were grouped in the same clone.  They selected one sample from that group to perform 
genome sequencing.  The selected isolate, labeled Pm70, was from a chicken with fowl cholera 
collected in 1995 and capsule type A, serotype 3.  Using the random shotgun approach they 
11 
 
found that Pm70 was 2,257,487 base pairs in length formed in a single circular chromosome.  
The Pm70 was compared to previously obtained sequence data from Haemophilus influenzae 
and Escherichia coli and confirmed that there is a close relationship between these three 
organisms [45].   
Whole genome sequencing in diagnostics 
Next-generation whole genome sequencing (WGS) has been used for diagnostics with a 
variety of microorganisms and is being used more regularly, especially in epidemiologic studies. 
This tool is also referred to as high-throughput sequencing and is an upgrade from Sanger 
sequencing due to the significantly reduced cost and testing turn-around time [44].  WGS has 
become affordable as a diagnostic tool and has the highest discriminatory power [28, 37, 63].  It 
has shown a high degree of consistency and provides epidemiological data that REA and 
ribotyping cannot [37, 61].  It can be used to find origins of outbreaks and how diseases are 
spread through a population by creating phylogenetic trees that can trace infections back to the 
source [22, 46].  However, it creates a lot of data that must be stored and analyzed 
electronically and in many cases all that data may be more than necessary [28, 63]. 
WGS was used in the Vibrio cholerae endemic that began in October 2010 in Haiti.  The 
source of the October 2010 outbreak of V. cholerae was unknown.  Samples collected from two 
patients diagnosed with cholera and three isolates from previous V. cholerae outbreaks, one 
from Peru and two from two separate outbreaks in Bangladesh were characterized using three 
previously sequenced reference genomes.  The study found that the Haitian outbreak was 
clonal and most closely resembled the more recent cholera outbreak in Bangladesh.  The use of 
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WGS in this study allowed them to quickly (sequenced in less than 24 hours) trace the origins of 
this outbreak [22].  
The first time WGS was used for a prospective analysis in an ongoing outbreak occurred 
in May 2011.  An outbreak of hemolytic uremic syndrome caused by enterohemorrhagic 
Escherichia coli (EHEC) in Germany was causing multiple deaths.  They sequenced four outbreak 
samples from different locations and two historical strains.  They found that all four samples 
from the current outbreak were identical; therefore meaning they all came from the same 
source.  The current outbreak samples were also very similar to one of the reference strains.  
From this information, they were able to create a rapid PCR-based test.  Using WGS they were 
able to get results from isolates within days and were able to determine that this E. coli strain 
had some attributes that were unique causing it to be more virulent [46]. 
In a retrospective study of Mycobacterium tuberculosis done by Walker et al. (2012), 
WGS was used to compare archived isolates of M. tuberculosis.  They were able to create 
transmission chains based on the number of different single nucleotide polymorphisms (SNPs) 
between isolates.  In the future they hope that WGS can be used for epidemiological purposes, 
especially when that data is not obtainable otherwise.  This study showed a lot of promise for 
using WGS in routine M. tuberculosis diagnostic testing [72]. 
The National Veterinary Services Laboratory (NVSL) has used WGS as a routine 
diagnostic test for tracking infections of Brucella suis and Mycobacterium bovis.  In 2016, 
Quance et al., from the NVSL, published findings from a study conducted to find the source of a 
human case of B. suis in the United States.  The man had just moved to the United States from 
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Tonga, Polynesia and had been in contact with commercial swine in the United States.  Through 
WGS sequence testing Quance et al. determined that the man had been infected prior to 
coming to the United States and therefore a wide spread field investigation of the swine in the 
United States was not necessary saving money and time [56]. 
Whole genome sequencing in P. multocida 
A study was done in 2015 by Moustafa et al. examining hemorrhagic septicemia using 
WGS.  This study compared ten draft genomes that originated from disease-causing isolates 
with two vaccine strains.  They also compared these genomes to all the publicly available 
genomes, such as Pm70.  The data showed that all the hemorrhagic septicemia samples, 
including the vaccine strains, were closely related and separated from the other P. multocida 
genomes.  With this data, they hope to develop a diagnostic test for hemorrhagic septicemia.  
They also were able to further distinguish isolates that were previously all simply classified as 
capsule type B [50].  
Another study published in 2015 by Okay and Kizildoğan used genomes available on the 
Genbank database and compared them.  Okay and Kizildoğan pointed out that it was the first 
published study to compare P. multocida strains from different animal species.  It was found 
that the capsular type appeared to have an effect on phylogenetic grouping while host species 
did not.  The main focus of the study was to identify mutant proteins found between the 
genomes [54]. 
A study done in 2013 by Johnson et al. compared two virulent strains of P. multocida, 
X73 and P1059.  The focus was to find genes involved in pathogenicity in order to aid in the 
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design of a vaccine.  They also compared these two strains to Pm70 which had been previously 
characterized.  Using BlastP cut-off of 90%, they found that all three had 1,848 shared proteins, 
which equals 86.2-90.7% of the predicted proteins.  However, the study did find some regions 
in the X73 and P1059 strains that were absent in the Pm70 strain and this may explain why 
Pm70 is non-virulent.  This study also examined the SNPs in the three strains and found that 
some areas of the genomes had a higher concentration of SNPs than others.  They predicted 
that this was due to certain regions of the genome having diversifying selection.  There was a 
higher amount of these regions in the extracellular and outer membrane proteins, which they 
thought needed further investigation but could be due to interaction with the host immune 
system [36].  
Publicly available P. multocida genomes include P1062 from a pneumonic bovine lung 
[7].  Another is an isolate labeled ATCC 43137, a type strain [25] often used as a reference.   
Three draft strains from cases of hemorrhagic septicemia in India (VTCCBAA264, 2213 and 
3213) are available [9, 71].  Strain PMTB was an isolated from a case of hemorrhagic septicemia 
in a buffalo [76].  There are four draft sequences from the United Kingdom or United States 
labeled strain 2000, P1933, R11F, and 1500E [39].  The draft genome of strain 671/90 is also 
available.  This strain has been previously used in experimental infections [40].  The reference 
types 1 and 3 are also available, labeled X73 and P1059 [8].  There is a complete genome 
sequence available from a sick pig in China labeled HN06 [43].  An annotated avian strain of P. 
multocida from a diseased chicken is available, labeled Anand1_poultry [10]. 
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Use of WGS in routine diagnostics is becoming more common in further identifying 
isolates.  The price of WGS continues to drop and is now comparable to other diagnostic tests.  
Results can also be available within 48 hours [13, 37, 44].  The WGS has advantages over other 
genetic methods such as showing small genetic differences that other testing methods cannot 
detect and therefore group together.  This is especially apparent in outbreak samples that can 
be very genetically similar [61].  Also, it is highly reproducible and sequence data can be stored 
online for others to access [42].  However, sequencing the entire genome produces a lot of 
data; the majority may not be useful information.  The sequences are long and require a lot of 
memory space to store [28].  There isn’t a standard operating procedure that laboratories 
across the world follow, so comparing results from different laboratories isn’t reliable based on 
the differences that may have occurred in processing that data from different platforms [28, 44, 
61].  The purpose of this study was to compare WGS to REA and GDPT on 166 isolates of P. 
multocida in an attempt to get more reliable, faster, and increased epidemiological data than is 
currently available.  The hypothesis was that WGS would produce comparable results, therefore 
could be used in place of REA.  
 
  
16 
 
CHAPTER 2. INTRODUCTION 
 
 Pasteurella multocida has been isolated as a disease causing organism in a variety of 
animal species.  It has also been found as a commensal organism in a range of animals and has 
acted as an opportunistic pathogen [1, 27, 32].  It has been classified as the causative agent of 
fowl cholera in poultry and has shown to be the most severe in turkeys with mortality rates as 
high as 90-100% under experimental conditions [32].  Atrophic rhinitis caused by P. multocida in 
swine can cause severe facial disfiguration and death [27].   Mortality rates of hemorrhagic 
septicemia in cattle and water buffalo caused by P. multocida have ranged from 20-98% in non-
endemic areas [12].  Farmers and producers have benefited from the ability to identify the 
strain of P. multocida infecting their herds or flocks so they could better plan a course of action 
to control the disease. 
 Gel diffusion precipitin test (GDPT) developed by Heddleston has been used since 1972 
as a method for serotyping P. multocida  [33].  Heddleston’s GDPT discovered sixteen somatic 
serotypes (1-16) but a high degree of diversity has been seen within those serotypes.  The 
National Veterinary Services Laboratories (NVSL) also developed DNA fingerprinting via 
restriction endonuclease analysis (REA) which can classify samples beyond the serotype.  Unlike 
some of the other molecular methods, REA has the ability to distinguish between all the 16 
reference serotypes [75].  Importantly, REA has been used to distinguish the difference 
between serotypes 3, 4 and vaccine strains, which also have a serotype of 3, 4.  The profiles 
produced through REA have also allowed producers to link current P. multocida isolates back to 
17 
 
previous infections.  This has provided epidemiological data that serotyping is unable to 
provide. 
 REA of P. multocida has had disadvantages as well.  The profile is dependent on the 
restriction endonuclease used.  The NVSL has used HhaI, but other studies have found HpaII to 
be preferred [23].  The isolates are assigned a DNA fingerprint profile number, however if that 
number does not match a previously submitted isolate that number has little meaning.  REA is 
not able to account for mutations or genetic drift because one band difference results in the 
assignment of a new profile number.  The subjectivity of the test has been the main 
disadvantage of REA.  Each profile has been individually, visually compared to all the previously 
submitted isolates to look for a match.  At the time of this study, NVSL had 529 isolates to 
compare to and that number historically has increased about 2-3 profiles monthly.  Comparing 
profiles was time-consuming.  It took 6-8 hours to compare a profile to all 529 profiles.  The 
bands in the profile were not always clear, some were blurred, others were hard to distinguish 
from other close bands, and occasionally shadow bands appeared which were difficult to 
discern from real bands.  All of these issues made visual comparison difficult and subject to the 
opinion of the technician. 
Studies have been conducted investigating other possible diagnostic tests for classifying 
P. multocida.  However, most of these did not provide any more information than REA currently 
provides.  Pulsed-field gel electrophoresis (PFGE) has been used successfully in other organisms, 
has an online database [5], and produced easily readable profiles.  However, PFGE was not able 
to distinguish between all the 16 reference somatic serotypes of P. multocida.  Serotypes 6 and 
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7 appeared identical through PFGE.  Ribotyping was also easier to read than REA and less likely 
to be affected by mutations [66-68].  Yet, REA had a higher discriminatory power than 
ribotyping [16, 23, 77].  Multilocus enzyme electrophoresis (MLEE) did not compare well with 
REA.  This was mostly like due to MLEE being a phenotypic tool while REA is a genotypic tool.  
These unexplained discrepancies make MLEE an undesirable replacement for REA [15, 17].  
Amplified fragment length polymorphism (AFLP) may be an improvement over REA; it had a 
high discriminatory power and results were analyzed by computer.  The disadvantage of AFLP 
was that it was unable to group isolates like REA did [11, 18]. 
 Whole genome sequencing (WGS) has been used more frequently in diagnostic testing.  
The price has continued to drop and it is now feasible to offer to the field as a diagnostic testing 
option.  WGS provides the highest degree of discriminatory power.  With these results, isolates 
can be grouped and genetic relatedness can be determined.  WGS gives epidemiological 
information that other tests cannot provide. 
 This study looked at WGS as a diagnostic tool for further identification beyond serotype 
of P. multocida compared to GDPT and REA.  A total of 166 isolates from all sixteen somatic 
serotypes, a variety of animal species and geographical locations were tested.  The purpose of 
this study was to investigate how these three tests correlate.  At the NVSL, the last published 
price per isolate was, WGS: $84.00, REA: $64.00, and GDPT: $20.00.  The listed turn around 
times for REA and GDPT are 30 days and 7 days, respectively.  WGS turnaround time is listed by 
the NVSL as varied but has been shown in studies to be completed in 48 hours [37].  Between 
these three tests, WGS had the least subjectivity and the highest discriminatory power [63].  
19 
 
REA had a higher discriminatory power than GDPT but also had higher subjectivity due to the 
visual interpretation of the results [74].  GDPT is the least reproducible of the three tests since 
it has had issues with cross-reactivity [59].  The desire was to determine if WGS can be used in 
place of or in combination with REA and GDPT.  
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CHAPTER 3. MATERIALS AND METHODS 
 
Isolates.  Isolates were selected based on their geographical location, animal species, serotype, 
and REA profile.  The National Veterinary Services Laboratories (NVSL) has a stock of over 
10,000 diagnostic P. multocida isolates.  Initially, a pilot study was conducted to determine the 
potential use of WGS in P. multocida and forty samples were selected based on availability and 
serotype 1.  It was decided that a more depth look at WGS in P. multocida was warranted, so 
the study was expanded using the original forty pilot study samples as well as geographically 
and species diverse samples of all sixteen serotypes.  The samples selected were based on what 
was available from the NVSL repository of diagnostic samples.  In some cases the REA profile 
was already known and some samples were selected based on similar or identical profiles as 
well.  Outside labs and farms were also contacted for isolate from active fowl cholera 
outbreaks.  From the NVSL isolates, if they were less than two years old they were streaked 
onto a blood plate (BAP) (blood agar base with 0.5% extra agar and 5% bovine blood) from a 
stored stab of the culture in Pasteurella semisolid agar (proteose peptone, sodium chloride, 
bacto agar, and sterile water).  After overnight incubation at 37°C, the blood plates were 
visually checked for purity.  One colony was picked and stabbed into a fresh tube of Pasteurella 
semisolid agar.  If the isolate was over two years old or unable to be revived from the 
Pasteurella semisolid agar, it was recovered from a frozen blood pellet and streaked on the 
blood plate.  All of the isolates were checked biochemically with glucose containing a durham 
tube to check for gas formation, lactose, MacConkey agar, urea agar, indole, and decarboxylase 
with 1% ornithine to verify that it was P. multocida and not contaminated.  The isolates 
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received from outside sources were treated the same way after they were streaked to a blood 
plate from the original tube or plate. 
GDPT.  Isolates were serotyped using GDPT and the antigen and sera were prepared in-house 
as described by Heddleston et al. [33].  Briefly, the antigen was prepared by removing growth 
(18-24 hours at 37°C) from a dextrose starch agar with 0.5% extra agar plate using 2.5 mL of 
0.85% saline with 0.6% formaldehyde.  This suspension was autoclaved at 101°C for 55 minutes, 
then centrifuged at 13,200 rpm for 20 minutes.  The supernatant was removed and stored at 
4°C for later use.  Antisera was obtained from chickens after several (up to eight as needed) 
intravenous injections into the brachial wing vein of each reference antigen.  Test bleeding was 
done at three weeks to check for a strong positive reaction using GDPT and weekly thereafter 
until the reaction to the corresponding antigen was strong enough to be easily seen in GDPT 
testing.  The birds were exsanguinated and the antisera was harvested.  The antisera were 
preserved with a mixture of phosphate buffered saline (PBS) and glycerol.   The slides for GDPT 
were made up of Noble Agar (BD, Difco), sodium chloride and water.  The GDPT was set up with 
the antiserum in the center surrounded by up to four isolates.  The slides were stored in a 
humidity chamber for 48 hours at 37°C and then observed for the presence of a precipitin line 
[33]. 
DNA Fingerprinting. The DNA fingerprinting of the isolates was done using modified methods 
based off Wilson et al. [75].  After overnight growth at 37°C on blood agar base slants, the 
growth was removed with 0.85% saline and adjusted to a transmittance value between 45%-
55% using a spectrophotometer at a wavelength of 600 nm.  This suspension was pelleted via 
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centrifugation at 13,200 rpm for five minutes and the supernatant was discarded.  Five hundred 
microliters of DNAzol, a guanidine-detergent solution, was added to lyse the cells and after 30 
minutes, 1000 µL of 200 proof ethyl alcohol was added to the tubes.  The mixture was 
centrifuged again for five minutes at 13,200 rpm and the supernatant discarded.  The pellet was 
washed two times with 70% ethyl alcohol.  A vacuum concentrator was used to remove all 
liquid from the pellet.  The DNA was digested by HhaI (Invitrogen, Life Technologies) as directed 
by the manufacturer.  The stop buffer (25% Ficoll, 0.25% xylene cyanole, 0.25% bromophenol 
blue, in sterile water) was added after three hours.  DNA from the bacteriophage lambda was 
digested with HindIII and used as a marker on every gel.  The DNA fragments and lambda 
markers were loaded into a 0.7% SeaKem ME agarose (Lonza) gel.  The gel was electrophoresed 
for 17 hours in Tris borate buffer (0.089 M Trizma base, 0.002 M EDTA, 0.089 M boric acid, in 
sterile water) at 72 volts using a horizontal electrofocusing system (LKB 2197 electrofocusing 
constant power supply).  The gel was stained with ethidium bromide and rinsed with sterile 
water.  Photographing was done with the Kodiac Gel Logic 200 Imaging System under the UV 
illumination.  The profiles were all visually compared the to the NVSL collection of 526 unique 
profiles, including the 16 reference types and vaccine strain TD045. 
DNA Purification for Whole Genome Sequencing.  Fresh cultures were grown on BAP overnight 
at 37°C for collection of purified DNA using the MasterPure DNA Purification Kit (Epicentre) 
using the manufacturer instructions with a few modifications.  Briefly, two to three colonies of 
each isolate were picked and added directly to 300 µL of Tissue and Cell Lysis Solution with 1 µL 
of Proteinase K.  The isolates were vortexed, and then incubated for 15 minutes at 65°C, 
vortexing every five minutes.  The isolates were cooled to 37°C, and then 1 µL of 5µg/µL RNase 
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A was added, mixed, and allowed to incubate at 37°C.  After 30 minutes, the isolates were 
placed in an ice bath for five minutes.  For DNA precipitation, 175 µL MPC protein precipitation 
reagent was added to the lysed isolates and mixed well.  The cellular debris was pelleted via 
centrifugation at 13,200 rpm for 10 minutes and the supernatant containing the DNA was 
placed in clean tubes.  Isopropanol (500 µL) was added.   The tubes were inverted several times 
and centrifuged again for 10 minutes.  The pellets were washed twice with 70% ethanol and 
once all the ethanol was removed, they were suspended in 35 µL of TE Buffer.  The 
resuspended DNA was stored at 4°C if WGS was to be performed within a few weeks or at -20°C 
if later. 
Whole Genome Sequencing.  The Qubit dsDNA BR assay (Life Technologies, Invitrogen) was 
used to determine the concentration of the reconstituted genomic DNA.  The desired range was 
20-50 ng/µL and the isolates were diluted with distilled water to bring them into that range.  
MiSeq Desktop Sequencer (Illumina) was used to perform next-generation sequencing and the 
isolates were processed with the Nextera XT DNA Library Preparation Kit (part # 15031943 rev. 
C, 10/2012) per the manufacturer’s instructions.  The k-mer analysis performed was reference 
independent and phylogenetic analysis was accomplished with kSNP.  The trees were built by 
assembling contigs and verifying the contigs as P. multocida.  Then those verified contigs were 
run through kSNP per the kSNP v2.1.2 users guide and the trees were built using Maximum-
Likelihood based on those SNPs [31]. 
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CHAPTER 4. RESULTS 
 
A total of 166 isolates of P. multocida were used in this study; 132 were field isolates 
from the culture collection at the NVSL, eighteen were reference strains, and sixteen were from 
outside sources.  These isolates were from multiple states across the United States and four of 
the isolates were from Chile (Table 1).  The NVSL field isolates (Table 2) were originally 
submitted for serotyping and/or DNA fingerprinting via REA.  Eighteen isolates were from the 
NVSL’s collection of the sixteen reference strains. Type 3 P1059 was used three times to show 
repeatability (Table 3).  The remaining sixteen isolates used in this study were obtained from 
two separate farms (North Carolina, Minnesota) with ongoing fowl cholera outbreaks (Tables 4 
& 5).  All the isolates used were dated from 1999-2015.  In total, isolates came from 41 
different submitters.  The majority, 125 isolates, were from poultry, five isolates were from 
cattle, three from deer, three from other avian sources, two from felines, one from swine, one 
from a rabbit, and eight from unknown sources (Table 1).  Isolates with identical REA profiles 
were selected as well as a variety of other distinct profiles.  All the isolates came from a single 
individual animal. 
All of the isolates from the NVSL collection already had GDPT results available, but they 
were rerun to verify.  A few of the somatic serotypes did change slightly, with an addition or 
loss of a serotype, however this is not uncommon in GDPT testing of P. multocida.  BTYP 9237 
serotype was undetected on the retest and serotype 1 originally.  BTYP 9076 was 1, 14 on the 
retest and serotype 1 originally.  The isolates from the outside farms with ongoing outbreaks 
were run on GDPT upon arrival.  Some of the isolates already had a DNA fingerprint profile 
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assigned and the ones that did not were analyzed and assigned a profile number in the same 
manner as for diagnostic testing.  All of the isolates were also submitted for WGS testing. 
Pasteurella multocida is a genetically diverse species; therefore a high resolution tree 
containing all the isolates was not possible.  The samples would need to be broken into smaller 
groups in order to get higher resolution.  kSNP analysis was used since there wasn’t a good 
reference genome available.  The isolates were assembled and the estimated coverage range 
was around 90%.  The SNP matrix was in the 20,000 – 50,000 range for the majority of the 
isolates.  The tree created through kSNP was unrooted.  There was a division in the 
phylogenetic tree with 44 isolates branching off separately (Figure 1). 
A subset of the NVSL isolates were compared to other assembled genomes from other 
organisms in the Pasteurellaceae family.   The multiple genomes from the following genera 
were downloaded from PATRIC, an online resource for genome assembly [73]: Actinobacillus, 
Aggregatibacter, Avibacterium, Biberstenia, Gallibacterium, Haemophilus, and Mannheimia.  
Pasteurella bettyae and Pasteurella dagmatis were also included.  All of the NVSL isolates 
grouped away from these other genera and the two other species of Pasteurella.  The subset of 
NVSL isolates grouped with nineteen P. multocida genomes from PATRIC.  However, they also 
grouped separately from one “Pasteurella multocida” genome downloaded from PATRIC [73]. 
BTYP P-1059 is the NVSL reference type 3 isolate.  This isolate was isolated from the 
stock culture and purified for WGS on three separate occasions.  It was run in August 2013, 
December 2014, and September 2015.  This isolate was selected in order to show 
reproducibility of the test.  All three of these isolates clustered together. 
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Isolate BTYP 9959 was selected because it was a unique isolate from a feline.  The 
original GDPT results showed a result of serotype 8.  However, it stood out in the WGS results.  
Biochemical tests were atypical for P. multocida because indole was not produced and nitrate 
was not reduced to nitrite.  So, for better resolution in the tree, this isolate was removed and 
REA was not done. 
Several mistakes were found when reviewing the archived DNA fingerprint profiles.  
Profiles 1030 and 1418 were identical profiles, so the 1418 profiles were renamed 1030.  Profile 
1214 was identical to profile 1006, so the 1214 profiles were renamed 1006. 
Two profiles were found to be very similar, profiles 1023 and 1083.  After reviewing the 
1023 profiles, it was found that profile number 1023 was actually two distinct profiles (Figure 
2).  The older profile remained labeled 1023.  The newer profile was renamed 0522.  While 
comparing these, it was also discovered that isolate BTYP 5864, which was originally identified 
as profile 1023, was actually profile 1083.  In general the 1023 profiles all clustered, the 1083 
profiles clustered together, and the 0522 profiles clustered together (Figure 3).  However, two 
isolates with the 1023 profile clustered with the 1083 profiles.  Two isolates with profile 1083 
(BTYP 6052 & 6054) branched together with those two isolates with profile 1023 (BTYP 6053 & 
6055).  These four isolates all came from the same submitter, however the individual farm was 
known, in Alabama in June 2000.  BTYP 6055 was isolated from a rabbit while the other three 
isolates came from chickens.  Profiles 0522, 1023, and 1083 were very closely oriented in the 
phylogenetic tree.  
27 
 
Two batches of isolates were submitted from two different submitters (A & B) with an 
ongoing outbreak of fowl cholera.  Both farms submitted isolates from the same outbreak but 
different animals.  The isolates from submitter B matched a previously submitted REA profile, 
profile 1519 (Table 5).  They were all serotype 1.  All twelve of those isolates clustered together 
on the phylogenetic tree.  The isolates from submitter B also clustered together but it was a 
new wild type in REA, labeled profile 0521 (Table 4).  They serotyped as 4, 12, 14. 
Eight isolates that matched the REA profile a common vaccine strain were tested.  They 
all came from chickens or turkeys between November 2012 and October 2013.  One was from 
Missouri, six from Mississippi, and one from Michigan.  The serotypes were 3; 3,4; and 3,12.  
They all had the identical REA profile TD045.  All eight isolates were in the same cluster.  There 
were not any other isolates on that same node. 
Several of the reference types grouped closely together in WGS.  The reference strains 
for type 10 (P-2100), 11 (P-903), 12 (P-1573), and 15 (P-2237) all branched from a shared node.  
P-903 and P-2237 were on the same branch.  P-2100 and P-1573 were on the same branch 
along with BTYP 9903.  The REA profile of BTYP 9903 matched the reference type 12 (P-1573) 
REA profile and it was also a serotype 12.  The fingerprint profiles of the four reference strains 
were not identical.  The profiles for P-2100 and P-1573 did have many bands with similar 
weights. 
There were several examples of isolates with similar REA profiles that were run on WGS.  
Profiles 1234 (BTYP 6827) and 1521 (BTYP 10165) had similar profiles (Figure 4) and they also 
grouped in the same cluster (Figure 5).  The doublet just below 6.6 Kb on profile 1234 appeared 
28 
 
to be tighter than the doublet in profile 1521.  Profile 1521 also seemed to have fewer bands 
between 4.4 Kb and 2.3 Kb than profile 1234.  The profile 1234 has previously been associated 
with serotypes 3; 3, 12; and undetected serotypes.  The NVSL isolate used in this study was 
isolated from a quail in California submitted in April of 2002.  Profile 1521 was isolated from a 
turkey in Minnesota submitted in March 2015 and was a serotype 4. 
There was also an example of similar REA profiles that were not on the same WGS 
branch but did branch from a shared node (Figure 7).  Profiles 1518 (BTYP 10110) and 1103 
(BTYP 6110) were identical for the first seven bands in REA (Figure 6).  Just below 4.4 Kb, 
several bands didn’t align, but then the bands lined up again just above 2.3 Kb.  The serotypes 
associated with profile 1103 in the past have been 4, 7, 12 and 3, 4, 7.  BYTP 6110 was isolated 
from a turkey in California in July 2000.  The serotype for BTYP 10110 was 3, 4 and it was 
isolated from a turkey in Michigan submitted in November 2014. 
Four of the isolates from the NVSL repository originated from the same submitter in 
Chile from an unknown animal source.  These all had identical REA profiles labeled 0806.  Three 
of these isolates were submitted together in November 2010 (BTYP 9455, 9457, and 9458) and 
all serotyped as 4, 7.  The fourth isolate was submitted in July 2013 (BTYP 9917) and had a 
serotype of 4.  On the phylogenetic tree, all four isolates were in the same cluster.  They also 
branched from a shared node with BTYP 10110 with profile 1518 mentioned earlier, so 
therefore were also closely related to BTYP 6110 with profile 1103 (Figure 6).  The REA profile 
assigned to the Chile isolates was 0806.  It was very similar to 1103 with only a few bands 
different.  Profile 0806 had more bands in common with profile 1103 than 1518 (Figure 6). 
29 
 
REA profiles 1011 (BTYP 9486 & 9367) and 1119 (BTYP 10055) differed by only one band 
(Figure 8).  Profile 1119 had an extra band between 4.4 Kb and 2.3 Kb.  The two isolates with 
profile 1011 clustered very closely but were not on the same branch.  BTYP 10055 was also very 
close to both (Figure 9).  It was isolated in May 2014 from a turkey in Minnesota with a 
serotype 15.  BTYP 9486 was isolated from a turkey in Missouri in January 2011 and BTYP 9367 
was isolated from a chicken in Alabama in August 2010.  Both were serotype 1.    
Two almost identical REA profiles, 1217 and 1281, were on the same branch in the 
phylogenetic tree (Figure 11).  These profiles only differed by one band (Figure 10).  Profile 
1217 had an extra band after the seventh band from the top that profile 1281 lacked.  The two 
isolates with profile 1217 (BTYP 10033 and BTYP 10086) were both from chickens isolated in 
Mississippi in March 2014 and September 2014, respectively.  The isolate with profile 1281, 
BTYP 10002, was isolated from a chicken in Mississippi in January 2014. The NVSL has seen a 
wide variety of serotypes associated with profile 1217, but they all included somatic types 2 
and 5.  BTYP 10033 had a serotype 2, 5, 12 and BTYP 10086 had a serotype 2, 5.  The serotype 
for BTYP 10002 was 2, 5. 
REA profiles 1015 and 1356 shared a branch in the phylogenetic tree (Figure 13).  The 
three isolates with profile 1015 were all isolated from turkeys in Minnesota in February 2012 
and were likely the same outbreak (BTYP 9672, 9673, and 9674).  Serotype results for the three 
isolates were 6; 6, 8; and 6, 8, 11, respectively.  The isolate with profile 1356 was also from the 
same submitter from a turkey in Minnesota in October 2013 (BTYP 9978) and serotype 6.  There 
were many similarities between profiles 1015 and 1356, but there were also a few distinctive 
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differences (Figure 12).  Profile 1015 had a doublet at 6.6 kB but profile 1356 had a single band.  
The following four bands matched between the profiles but the next section did not line up.  
Profile 1015 appeared to be missing 1-2 bands that were present in profile 1356.  They differed 
until just above 2.3 kB where they appeared to line up again. 
There didn’t appear to be any discrimination between isolates from different animal 
origins.  The majority of the isolates were from poultry but the few cases that were not did not 
branch out from the other isolates.  Three isolates with DNA fingerprint profile 1057 were 
examined.  They all clustered together on the phylogenetic tree.  Two of those samples were 
isolated from turkeys (BTYP 10066 and 10081), while the third was isolated from a pig (BTYP 
10098).  Three deer isolates were submitted from the same submitter in New York.  None of 
them had the same DNA fingerprint profile but two of them grouped closely (BTYP 9821 and 
9911).  However, BTYP 9821 did have an identical REA profile (profile 0511) with an isolate from 
a chicken in Pennsylvania (BTYP 9778) and these two isolates shared a node on the 
phylogenetic tree.  BTYP 9911 had an undetected serotype but the other deer isolates and BTYP 
9778 were all serotype 1. 
The geographical location of the isolates varied within clusters and REA profiles.  Profile 
0522 was isolated from Missouri and Minnesota.  Profile 1057 was isolated from North 
Carolina, South Dakota, and Michigan.  Profile 1006 was isolated from Arkansas and Indiana.  
Often when the isolates came from the same state, it was from the same submitter around the 
same time period.  There were some exceptions but, in general, it appeared that the profile or 
cluster was not limited to geographical location. 
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CHAPTER 5. DISCUSSION 
 
Serotyping through GDPT has long been an important tool in identifying P. multocida for 
epidemiology and surveillance of the disease in a variety of animal species.  However, it has a 
history of issues with repeatability due to cross reactions.  DNA fingerprinting via REA has been 
an invaluable tool in further identifying isolates of P. multocida beyond serotyping.  It has been 
an improvement to serotyping because of its repeatability and ability to provide more 
epidemiological data.  The biggest limitation with REA is the subjectivity in analysis.  WGS has 
the ability to analyze and group the isolates similarly to REA, but can provide lineage 
information and does not have the issues of subjectivity. 
Analyzing REA profiles is time consuming and subject to the eye of the technician 
comparing the profiles.  Each isolate is visually compared to more than 500 different profiles.  
The bands can be blurry and hard to distinguish.  Below 2.2 Kb the bands are too close together 
to make a distinction.  The oldest profile in the NVSL profile collection dates back to 1999.  All 
of the photos made prior to August 2010 are small and on Kodak printer paper.  After August 
2010, the NVSL began storing the photos electronically which resulted in larger, better 
resolution photos.  In some cases there was only one copy of the profile available with no 
existing back-up.  These issues have led to mistakes when identifying REA profiles. 
As has been documented by many other studies, GDPT can lead to ambiguous results 
[74].  In this study, identical REA profiles were associated with a range of serotypes.  The 
profiles often included one or two similar somatic types (such as type 3 or type 4) but other 
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somatic types (such as type 12 or type 14) were occasionally observed.  An example of this was 
found with profiles 1015 and 1356.  Serotype 6 was associated with all 4 isolates, but two 
isolates also had serotype 8, and one of those isolates also had serotype 11.  Cross reactions are 
due to sharing of the antigenic determinants found in the lipopolysaccharides of the different 
serotypes.  However, it is not possible to determine the difference between a cross reaction 
and a true serotype.  A few isolates had different serotypes from their originally reported 
results when they were retested for this study.  These findings support the notion that 
serotyping results can be misinterpreted. 
The NVSL see the same few serotypes in diagnostic samples repeatedly from GDPT 
results.  These results do not give the submitter much information on the isolate since there is 
so much diversity within serotypes.  WGS and even REA are able to give more distinction 
between serotypes.  WGS can also provide information as to which isolates are similar 
regardless of REA profile. 
This study found that the REA profiles correlated well with the WGS results.  Isolates 
with identical REA profiles clustered together in the phylogenetic tree.  There were a few 
profiles that were separated by a node but the relative distance of these tips from the node 
was minuscule and small enough to be considered related isolates.  There were no cases of REA 
profiles being found on different areas of the phylogenetic tree.  This suggests that REA can be 
accurately portrayed through WGS. 
An oversight that was found multiple times in this study was a single profile being 
identified with two different profile numbers.  The original profile must have been overlooked 
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or the photo quality was too poor so a new profile number was created by mistake.  Another 
mistake that was found involved profile 1023.  It was discovered that two different profiles had 
been named 1023.  While they were similar looking profiles, there were enough obvious 
differences that they should have been labeled two separate profiles.  All these errors can be 
attributed to human error.  Profile 1023 also grouped very closely on the phylogenetic tree with 
1083 and there were two isolates that clustered with profile 1083.  This group of isolates was all 
submitted from the same submitter at the same time.  Half of those isolates had the profile 
1083 and the other half matched the previously submitted 1023.  This difference in REA profile 
but grouping together in WGS can be explained by the subjectivity of REA.  One nucleotide 
change can change an REA profile.  The benefit of WGS is that it showed that those isolates are 
actually very closely related, so closely that it could be easily assumed based on the other 
known data that they were from the same outbreak. 
Pasteurella multocida is a very diverse species therefore it was not possible to get a high 
resolution tree through WGS when looking at all the isolates submitted.  In order to achieve 
that, smaller, more closely related groups would need to be examined individually.  This would 
be a good way to further distinguish profiles 1023 and 1083.  These two profiles have caused 
issues in DNA fingerprint analysis because they are so similar.  Profile 1023 is also a profile that 
has been seen often at the NVSL since 1999 and it may be informative to compare the older 
isolates with newer ones.  This initial study with the low resolution tree identified groups that 
can be further investigated as needed. 
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An interesting separation occurred with the isolates in the WGS tree.  There was a group 
of 44 isolates that branched away from the rest of the isolates, but they clustered closely 
amongst themselves.  From the epidemiological data available there didn’t seem to be a clear 
explanation of the separation.  They were dated from 1999-2015, the same date range of the 
rest of the isolates.  The geographical locations were diverse, ranging all over the United States.  
All of these isolates came from avian sources, mostly chickens and turkeys, with one isolate 
from a quail.  There were two reference isolates located in the out cluster as well.  In this group 
of 44 isolates, 29 were serotype 1.  On the Pasteurellaceae tree, these isolates grouped apart 
from the other members of the family and other species of Pasteurella but even at that lower 
resolution they still grouped apart from the other P. multocida isolates.  A few possible 
explanations could include the introduction of a novel strain, but that would have needed to 
occur before 1999.  It may be linked to all those isolates being from avian sources, although 
most of the isolates in this study were of avian origin, so there is not enough diversity to 
support this theory.  The tree was examined for validity.  The samples in the study were 
submitted in groups and a tree was constructed as the sample set grew.  In each of separately 
constructed trees the outlier group was present, so it is a consistent phenomenon.  Also the 
tree constructed in the pilot study was done through a SNP pipeline rather than kSNP and the 
outlier group was present in that case as well.  This indicates that it isn’t an issue with the kSNP 
analysis.  Another way to test the validity of the tree would be through bootstrapping which 
was not done in this study but is something that could be done in the future. 
 In conclusion, this study was able to show that WGS compared well to REA and GDPT 
when taking into consideration the issue of cross reactivity with GDPT.  WGS could provide 
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epidemiological data for P. multocida that is currently not available.  The problem that WGS 
could introduce is data storage space.  A lot of data is created in WGS and perhaps it is too 
much data for the needs of P. multocida diagnostics.  However, compared to the current REA 
method, the advantages of WGS seem to out-weigh the disadvantages.  
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Figure 1.  Whole genome sequence results of all 166 isolates.  All the black isolates are 
individual/different REA profiles.  Any color other than black indicates matching REA profiles to 
other isolates of the same color. 
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Figure 2.  Agarose gel REA profiles 
with HhaI of profiles 1023, 0522, and 
1083.  Profiles 1023 and 0522 were 
originally all classified as profile 1023.  
Profile 1083 has a very similar profile 
to 1023.  DNA from bacteriophage 
lambda was used as a marker. 
Figure 3. Enlarged view of the WGS results of 
profiles 1023 (gold), 0522 (pink), and 1083 
(brown).  All three profiles clustered very 
closely and grouped based on profile.  The only 
exception was BTYP 6053 & 6055, with profile 
1023 that branched with profile 1083. 
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Figure 4. Agarose gel REA 
profiles with HhaI of 1234 & 
1521; these were similar REA 
profiles and clustered together 
on the phylogenetic tree.  DNA 
from bacteriophage lambda 
was used as a marker. 
 
 
 
 
 
Figure 5.  Enlarged view of the WGS results of profiles 1521 (sea 
green) and 1234 (red).  The profiles were on the same branch in 
WGS.
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Figure 6. Agarose gel REA profiles with 
HhaI of profiles 0806, 1103 and 1518.  
Profiles 1103 and 1518 have similar 
first seven bands and shared a node 
with 0806 on phylogenetic tree. DNA 
from bacteriophage lambda used as 
marker. 
Figure 7.  Enlarged view of the WGS results of 
profiles 0806 (yellow), 1103 (bright green), 
1518 (blue).  All three profiles clustered 
together with 0806 and 1518 on a branch 
very close to the branch with 1103. 
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Figure 8. Agarose gel REA 
profiles with HhaI of 1011 & 
1119.  These profiles differ by 
only one band and were closely 
related on the phylogenetic 
tree. DNA from bacteriophage 
lambda was used as a marker. 
 
  
Figure 9.  Enlarged view of the WGS results of profiles 1011 
(purple) and 1119 (blue).  The two isolates with profile 1011 did 
not share a branch but were very closely clustered together.  
Profile 1119 was also very close to both isolates of profile 1011. 
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Figure 10. Agarose gel REA 
profiles with HhaI of 1281 
& 1217.  These profiles 
differ by only one band 
and clustered together on 
the phylogenetic tree. 
DNA from bacteriophage 
lambda was used as a 
marker.
 
 
 
 
 
Figure 11.  Enlarged view of the WGS results of profiles 1217 
(brown) and 1281 (green).  These two profiles shared a 
branch.
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Figure 12. Agarose gel REA 
profiles with HhaI of 1356 
& 1015.  These profiles 
were in the same cluster 
on the phylogenetic tree, 
however their REA profiles 
have a few distinctive 
differences. DNA from 
bacteriophage lambda was 
used as a marker. 
 
 
 
 
Figure 13.  Enlarged view of the WGS results of profiles 1015 
(light blue) and 1356 (red).  These profiles shared a branch 
on the phylogenetic tree.
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Table 1.  Number of isolates used organized by state and species.  The majority of the isolates 
were from poultry and the most common location was from Minnesota. 
Location 
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AL   4             1       5 
AR   1                 1   2 
CA   4     1     1     11 2 19 
GA   8                     8 
IA                     2   2 
IL                     1   1 
IN   2                 6   8 
KS                     1   1 
MI                     3   3 
MN             1       28 2 31 
MO 5 1                 11   17 
MS   14                     14 
NC   1                 9   10 
NY     3                   3 
OH                     3   3 
PA   1                     1 
SD                   1     1 
TX   3                 1   4 
VA   4   1             4   9 
WI       1             1   2 
Chile                       4 4 
Ref. Strain           18             18 
Grand Total 5 43 3 2 1 18 1 1 1 1 82 8 166 
 
Table 2. List of diagnostic isolates from NVSL repository by BTYP number. 
BTYP # Date Rec'd Species State 
REA 
Profile 
GDPT 
Serotype 
10169 4/1/2015 Turkey MN 0522 4 
10166 3/24/2015 Turkey MN 0522 4 
10165 3/20/2015 Turkey MN 1521 4 
10151 2/11/2015 Turkey MO 1185 4, 11 
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10142 1/16/2015 Turkey MO 0522 4, 12 
10139 1/16/2015 Turkey MO 0522 3, 4, 12, 14 
10138 1/16/2015 Turkey MO 0522 4, 12 
10110 11/20/2014 Turkey MI 1518 3, 4 
10100 10/28/2014 Turkey CA 1030 3, 4, 12 
10098 10/22/14 Swine SD 1057 3, 4 
10097 10/15/2014 Chicken IN 1006 1 
10091 10/1/2014 Turkey IA 1517 1 
10088 9/30/2014 Turkey MO 1515 16 
10086 9/19/2014 Chicken MS 1217 2, 5 
10081 9/10/2014 Turkey MI 1057 11 
10067 8/7/2014 Turkey NC 1512 11 
10066 8/7/2014 Turkey NC 1057 3, 11 
10065 8/5/2014 Goose CA 1511 3 
10055 5/27/2014 Turkey MN 1119 15 
10053 5/6/2014 Chicken TX 1023 11 
10050 5/1/2014 Chicken CA 0003 12, 15 
10049 4/25/2014 Turkey VA 0501 11 
10046 4/24/2014 Deer NY 0502 1 
10045 4/24/2014 Chicken NC 1346 9 
10042 4/15/2014 Chicken MO 1510 2, 5 
10033 3/19/2014 Chicken MS 1217 2, 5, 12 
10027 2/21/2014 Cattle MO 0503 3 
10026 2/21/2014 Cattle MO 0504 3 
10025 2/21/2014 Cattle MO 0505 3 
10024 2/21/2014 Cattle MO 0506 3, 4 
10023 2/21/2014 Cattle MO 0507 3 
10017 2/12/2014 Turkey NC 1346 9 
10002 1/9/2014 Chicken MS 1281 2, 5 
9995 1/3/2014 Feline WI 1120 1 
9981 11/6/2013 Turkey MN 1348 8 
9978 10/25/2013 Turkey MN 1356 6 
9976 10/16/2013 Chicken MS TD045 3, 4 
9973 10/11/2013 Turkey CA 1340 12 
9972 10/11/2013 Turkey CA 1132 12 
9959 9/9/2013 Feline VA   8 
9958 9/9/2013 Turkey VA 0508 9 
9956 8/30/2013 Turkey CA 1340 12 
9955 8/30/2013 Turkey CA 1340 12 
9953 8/27/2013 Chicken MS TD045 3 
9952 8/27/2013 Chicken MS TD045 3, 4 
Table 2 continued 
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9941 8/5/2013 Turkey IN 0509 9 
9917 7/18/2013 Unknown Chile 806 4 
9911 6/21/2013 Deer NY 1398 Undectected 
9904 5/29/2013 Unknown MN 0007 7 
9903 5/29/2013 Unknown MN 0012 12 
9902 5/23/2013 Chicken MS TD045 3, 12 
9895 4/19/2013 Turkey MI TD045 3 
9890 4/11/2013 Chicken MS TD045 3, 4 
9889 4/11/2013 Chicken MS TD045 3 
9875 3/1/2013 Chicken CA 0006 6, 7 
9871 2/22/2013 Turkey NC 1346 9 
9866 2/15/2013 Turkey MN 0510 13 
9847 12/26/2012 Turkey MN 1486 2, 14 
9846 12/26/2012 Turkey MN 1489 11, 14 
9840 12/13/2012 Turkey MO TD045 3 
9833 12/6/2012 Chicken CA 1488 1 
9832 12/6/2012 Chicken IN 1214 1 
9827 11/16/2012 Turkey MN 1486 11, 14 
9821 11/1/2012 Deer NY 0511 1 
9818 10/18/2012 Turkey IA 1485 1 
9814 10/5/2012 Unknown CA 1122 14, 15 
9813 10/4/2012 Unknown CA 1122 14, 15 
9803 9/12/2012 Turkey IN 0512 1 
9778 8/28/2012 Chicken PA 0511 1 
9731 4/30/2012 Chicken VA 1320 1 
9721 4/26/2012 Chicken GA 1023 4, 14 
9720 4/26/2012 Chicken GA 1023 3, 4, 14 
9719 4/26/2012 Chicken GA 1023 3, 4 
9718 4/26/2012 Chicken GA 1023 3, 4, 14 
9717 4/26/2012 Chicken GA 1023 3, 4 
9714 4/26/2012 Chicken GA 1023 3, 4, 14 
9711 4/26/2012 Chicken GA 1023 3, 4 
9678 2/17/2012 Chicken TX 1396 1 
9675 2/14/2012 Chicken CA 1122 15 
9674 2/9/2012 Turkey MN 1015 6, 8, 11 
9673 2/9/2012 Turkey MN 1015 6, 8 
9672 2/9/2012 Turkey MN 1015 6 
9670 2/8/2012 Turkey CA 0001 1 
9632 10/28/2011 Chicken MS 1396 1 
9621 9/26/2011 Turkey MN 1375 1 
9613 9/14/2011 Chicken MS 1460 1 
Table 2 continued 
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9612 9/14/2011 Chicken MS 1396 1 
9605 8/19/2011 Turkey IN 1208 1 
9603 8/19/2011 Turkey IN 0513 1 
9599 8/16/2011 Chicken AR 1266 1 
9578 6/15/2011 Turkey IL 1460 1 
9577 6/13/2011 Turkey VA 1044 1 
9574 6/8/2011 Turkey OH 1467 1 
9523 3/14/2011 Turkey OH 1464 1 
9491 1/10/2011 Chicken VA 0514 1 
9488 1/10/2011 Chicken VA 0515 1 
9486 1/4/2011 Turkey MO 1011 1 
9464 11/23/2010 Turkey MN 0516 1 
9460 11/12/2010 Turkey NC 1419 1 
9458 11/12/2010 Unknown Chile 806 4, 7 
9457 11/12/2010 Unknown Chile 806 4, 7 
9455 11/12/2010 Unknown Chile 806 4, 7 
9367 8/12/2010 Chicken AL 1011 1 
9242 2/4/2010 Turkey MN 0517 1 
9237 1/21/2010 Pheasant MN 1448 1 
9224 12/18/2009 Chicken MS 0518 1 
9198 10/13/2009 Turkey VA 1164 1 
9193 9/30/2009 Turkey IN 1007 1 
9185 9/21/2009 Chicken VA 0519 1 
9102 5/7/2009 Chicken MS 1165 1 
9086 4/9/2009 Turkey OH 1436 1 
9076 3/13/2009 Turkey CA 1435 1 
9063 2/18/2009 Turkey WI 0520 1 
8963 8/6/2008 Turkey CA 1014 1 
6846 5/21/2002 Turkey TX 1239 1, 12 
6827 4/18/2002 Quail CA 1234 3 
6757 3/5/2002 Turkey MO 1185 12 
6756 3/5/2002 Turkey MO 1185 4, 12 
6630 11/13/2001 Turkey MO 1185 Undectected 
6514 8/10/2001 Turkey MO 1185 12 
6114 7/14/2000 Turkey CA 1100 2, 5, 12 
6110 7/14/2000 Turkey CA 1103 3, 4, 7 
6099 7/10/2000 Turkey AR 1006 1 
6055 6/1/2000 Rabbit AL 1023 3, 4 
6054 6/1/2000 Chicken AL 1083 3, 4 
6053 6/1/2000 Chicken AL 1023 4 
6052 6/1/2000 Chicken AL 1083 3, 4 
Table 2 continued 
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5864 2/4/2000 Turkey KS 1083 3, 4 
5780 11/15/1999 Turkey CA 1030 3, 4 
5736 9/27/1999 Turkey IN 1006 1 
5618 6/28/1999 Chicken TX 1023 3, 4 
5505 3/4/1999 Chicken GA 1083 3, 4 
 
Table 3.  P. multocida reference strains used.  Reference type 3 was submitted on three 
separate occasions. 
Reference 
Strain 
REA 
Profile 
GDPT 
Serotype 
Animal Origin Location Origin 
X-73 0001 1 Chicken Maryland 
M-1404 0002 2 Bison Yellowstone Park* 
P-1059 0003 3 Turkey West Virginia 
P-1059 0003 3 Turkey West Virginia 
P-1059 0003 3 Turkey West Virginia 
P-1662 0004 4 Turkey South Carolina 
P-1702 0005 5 Turkey Virginia (Harrisburg) 
P-2192 0006 6 Turkey** Texas  
P-1997 0007 7 Herring Gull New York 
P-1581 0008 8 Pine Siskin Massachusetts 
P-2095 0009 9 Turkey Minnesota 
P-2100 0010 10 Turkey Indiana 
P-903 0011 11 Swine Maryland 
P-1573 0012 12 Human Iowa 
P-1591 0013 13 Human Iowa 
P-2225 0014 14 Cattle Iowa (NADC) 
P-2237 0015 15 Turkey Iowa 
P-2723 0016 16 Turkey Indiana 
*M1404 was isolated in 1922 from bison. The records are not clear on the source location. However, there was an 
epizootic of HS in Yellowstone Park in 1922.  So this location is presumed. 
**Records are variable, chicken or turkey. 
Table 4. P. multocida isolates received from a single outbreak: submitter A.  All of these isolates 
were received on 5/9/2014 from turkeys in North Carolina. 
ID 
REA 
Profile 
GDPT 
Serotype 
Liver 1 0521 4, 12, 14 
Liver 2 0521 4, 12, 14 
Liver 3 0521 4, 12, 14 
Liver 4 0521 4, 12, 14 
Table 2 continued 
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Table 5. P. multocida isolates received from a single outbreak: submitter B.  All of these isolates 
were received on 10/22/2014 from turkeys in Minnesota 
ID 
REA 
Profile 
GDPT 
Serotype 
1 1519 1 
3-1 1519 1 
3-2 1519 1 
3-3 1519 1 
4 1519 1 
5 1519 1 
6 1519 1 
7 1519 1 
LR1 1519 1 
L3 1519 1 
MV3 1519 1 
MV4 1519 1 
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